Background: The reconstruction of segmental mandibular defects remains a chal-
| INTRODUCTION
Segmental mandibular substance loss is frequently encountered in maxillofacial surgery. To limit the functional consequences and their sociopsychological impact, the objective of reconstruction is to reestablish mandibular continuity and functionality, with the ultimate goal of returning the patient to a predisease state. 1 The surgeon has a wide range of techniques available that has continually grown and improved over the past few years. Among these techniques, tissuefree transfer has become a reliable gold standard for extensive defects 2, 3 with an overall success rate uniformly greater than 95% in high-volume reconstructive centers. 2, 4 The variety of donor sites and technical refinements (eg, computer-assisted surgery [CAS] ) have optimized the functional and esthetic outcomes. 5 However, the limited amount of available bone and the morbidity of the donor site remain the major limits of this technique. 6, 7 Consequently, the current challenge is to find an alternative procedure that is not subject to the drawbacks of autologous bone harvesting with a similar or even higher success rate. Bone However, despite these encouraging results, obtaining vascularized scaffold providing reliable bone formation with mechanical properties adapted to the mandibular functions remains a major challenge. [8] [9] [10] The objective of this review is to present the current techniques for segmental mandibular defect reconstruction as well as the current state of the research in BTE. The main processes, their recent progress, and the promising results of preclinical studies are exposed.
| CLINICAL CONTEXT AND OBJECTIVES OF SEGMENTAL MANDIBULAR DEFECT RECONSTRUCTION
Segmental mandibular loss can be caused by a number of etiologies 3, [11] [12] [13] [14] [15] [16] as detailed in Table 1 . Among them, tumor ablative surgery is the most common, followed by facial trauma and more rarely inflammatory or infection diseases. 17 Even though the objective is to restore mandibular continuity, the time and reconstructive method can vary.
The particularity in oncological surgery is that it involves several tissues (bone, mucosa, and muscle) and must be anticipated by the reconstructive surgeon. Mandibular reconstruction is therefore planned according to the surgical margins to optimize the results of the procedure. In addition, success and healing are essential because adjuvant irradiation must be performed within 6 weeks of surgery to improve patient survival. 2, 18 Thus, the vascularized tissue transfer is the most widely used technique for primary segmental bone reconstruction.
Substance loss due to injury (eg, traffic accidents, gunshot) can cause tear injuries and uncontrolled loss of soft and hard tissues. Several surgical stages are frequently required, and the functional and esthetic results are often uncertain or even disappointing. Nonetheless, many technical possibilities exist for these cases (vascularized tissue free transfer, bone grafting, bone distraction).
12,19
The osteonecrosis of the jaws can also be responsible for mandible loss requiring segmental reconstruction. The particularity of osteoradionecrosis (ORN) is that it occurs in cases with a poor healing potential due to the bone and the soft tissue irradiation. 13 Medication-related osteonecrosis of the jaw (MRONJ) differs in its clinical presentation. Related to the systemic intake of bone antiresorptives (bisphosphonate, denosumab) or antiangiogenics, damage is often less clearly limited than an ORN but with a more favorable surrounding tissue. However, surgery in cases of MRONJ should take into consideration the prognosis of the patient, who is often suffering from metastatic disease. The healing complications usually encountered in ORN and MRONJ make FF the best therapeutic option if segmental reconstruction is required when the medical treatment no longer controls the underlying disease. 13, 14, 20 The main objectives of mandibular reconstruction are first to restore chewing, phonation, and breathing functions. Reconstruction should also preserve dental occlusion and the temporomandibular joint, and it should allow dental rehabilitation. 21 Finally, the face is an individual's interface with society and the esthetic result should be the best possible. Deformities of the lower part of the facial contour can have major social and psychological repercussions. The stakes of the reconstruction are therefore considerable to limit psychological distress that can lead to isolation and depression. 3 
| CLASSIFICATIONS OF SEGMENTAL MANDIBULAR SUBSTANCE LOSS
The main use of the classifications is to assess the characteristics of the defect to define a therapeutic algorithm for the reconstruction.
In 1989, Boyd described the HCL classification for hemimandibular (H), central (C), and lateral (L) defects. He modified his classification in 1993 to integrate mucous and/or cutaneous damage ("o" no mucosal or skin defect, "m" mucosal defect, "s" skin defect, "sm" skin and mucosal defect). 22 However, the length of a defect was not included in this classification. In 1991, Urken described the CRBS classification using the following anatomical terms: condyle, ramus, body, and symphysis. 23 It considered oromandibular composite defects (lip, buccal, soft palate, floor of the mouth, the tongue, and the skin) and also the neurological deficit (inferior alveolar, lingual, hypoglossal nerve, and facial nerve). As a result, the nomenclature provides a more detailed description but includes up to 3500 possibilities.
Schultz et al and Brown et al have recently proposed simplified
classifications that do not include soft tissue loss, which are intended to be more "functional" so that an algorithm for reconstruction can be proposed. 5, 24 Schultz et al defined four types of defects (type 1 for unilateral dentoalveolus; type 2 for unilateral dentoalveolus + ramus; type 3 for bilateral dentoalveolus; type 4 for bilateral dentoalveolus + ramus) and included the laterality of the donor vessels (viable ipsilat- This classification is intended to be simpler and more detailed (size and location of the defect, functional morbidity) to define the most adapted FF type.
Finally, lateral and anterior defects are the two main types of these classifications playing a major role for the functional outcomes: lateral resections are better tolerated than resections involving the anterior symphyseal region which present greater functional (eg, swallowing, mastication, phonation, and breathing) and esthetic morbidity. However, there is no ideal system, especially given that these classifications, sometimes complicated, can be difficult to apply in routine practice. Actually, no consensus exists, and the choice of reconstruction mainly depends on the experience and habits of the surgical team and the associated soft tissues to reconstruct.
| CURRENT SURGICAL PROCEDURES: INDICATIONS AND LIMITATIONS

| Osseous FFs: the gold standard
Osseous FF is currently the choice treatment for segmental mandibular defect reconstruction due to its low failure rate (<5%) and the possibility to restore complex multitissue loss of substance with mechanical properties adapted to mandibular functions. Technical refinements such as chimeric FF or CAS have also optimized the esthetic and functional outcomes over the past few years.
26,27
The available osseous donor sites are the fibula, the iliac crest, the scapula, and the radius as detailed in Table 2 . 28 The choice depends on the length and the shape of the bone defect, the pedicle length, the type of soft tissue to repair, and the team's experience.
The fibula is the donor site that presents the greatest number of favorable criteria: its reliability and easy harvesting, the available bone and its easy shaping, bone allowing dental implant placement, and a low donor site morbidity. 6, 7, 23, 29 However, alternative FF is needed in case of obstructive arterial disease of the lower limbs or when the paddles fixity or its limited volume are not adapted.
Thus, the location and length of the segment defect, associated soft tissue loss, and the type of dental rehabilitation planned (implant, prosthesis) are the main criteria guiding the flap choice. Reconstruction plates give acceptable functional results in lateral segmental defects and prevent mandibular lateral deviation. However, the risk of fracture, secondary loosening, or exposure remains significant (50%-80%) and limits this reconstruction to fragile and/or toothless patients with limited chewing strength, for whom there is no dental rehabilitation project (implant or prosthesis).
34-36
| Autologous bone grafting
Nonvascularized autologous bone grafting has shown its efficacy in limited bone defects with preservation of the periosteum (<5 cm) and without history of radiotherapy. 37 Cortical and trabecular bone harvesting from the iliac crest secured with a fixation plate system is a therapeutic possibility for lateral or anterior segmental reconstructions. For ramus reconstructions including the condyle, chondrocostal bone graft has also been described, notably in children given its growth potential.
38,39
| Induced membrane technique
The induced membrane technique (IMT) is a variant of autologous bone grafting and its aim is to improve graft vascularization via a twophase procedure. The osteoinductive potential promotes the bone regeneration and provides a simple and short approach that can be adapted to fragile patients or less favorable cases (infected or irradiated bone, ORN).
At the first surgical time, the extremities of the bone defect are freshened and the substance loss is filled with a spacer (eg, polymethyl methacrylate, cement) inducing an inflammatory reaction and the formation of the "induced membrane" with high cellularity and angiogenic capacity. A second surgery is then performed 2 months later: the membrane is incised, the spacer is removed, the defect is filled with cancellous bone graft, and membrane is sutured to contain the graft and encourage its vascularization.
However, the use of this approach requires two surgical times and presents a high risk of infection or exposure of the nonresorbable biomaterial that may require premature removal and thus failure of the procedure.
40,41
| Distraction osteogenesis
Distraction osteogenesis (DO) technique potentially allows the reconstruction of extensive segmental defects. 42, 43 The procedure begins with osteotomy at the mandibular stump followed by daily distraction of the mandibular fragment (0.5-1 mm).
The distraction device is removed at the end of bone ingrowth, and the bone reconstruction is maintained by a fixation plate. DO is a valuable option for segmental reconstruction avoiding autologous bone harvest and allowing the soft tissues to adapt on the newly formed bone. In addition, several cases of dental implant rehabilitation have been described after DO. 43 However, DO can be a prolonged procedure in case of extensive defect. In addition, DO cannot be applied when periosteum is removed or in case of irradiation. Finally, an external distractor is generally preferred to internal device for largest defects and results in facial scarring and burdensome procedure often limiting this technique in patients after gunshot injuries. CAS has a wide and exponential scope of application that continues to be developed in mandibular reconstruction.
| BTE: CURRENT AND FUTURE TECHNIQUES
For many years regenerative medicine teams have attempted to set up alternative bone reconstruction procedures based on tissue engineering. The advantage of BTE is defining a reproducible procedure that is technically simple, adaptable to bone defects and each type of patient (comorbidity, infection, and postoperative radiotherapy) using biomaterials to prevent the morbidity associated with autologous bone harvesting. In extensive bone defects, Giannoudis et al 48, 50 diagrammatically described the well-known "diamond concept" for BTE that is based on five entities including an osteoconductive support or "scaffold" playing the role of extracellular matrix, this matrix's mechanical stability, osteogenic cells that are capable of differentiation, osteoinductive regulation factors, and vascular supply providing nutrition and oxygen input (Figure 3 ).
| The choice of bone matrices or scaffolds
The scaffold is a porous 3D support that plays the role of an extracellular matrix that should serve as a guide to bone growth stemming from the host tissue. It should be suitable for the local mechanical properties, be the vector for osteogenic cells, and allow cellular exchanges and vascular colonization. 51, 52 As detailed in Table 3 , the desirable properties of the "perfect" scaffold must include no immune response, consolidation with the host tissue and new bone formation.
In addition, biodegradation and the newly formed bone should also occur concurrently at a matching rate. 51, [53] [54] [55] [56] [57] The main bone substitutes that have been described in preclinical animal model or in human for craniofacial repair are CaP ceramics, polymers, and allogenic bone substitutes 51, 55 :
• CaP ceramics can be made of hydroxyapatite (HA), beta-tricalcium phosphate (βTCP), or both (biphasic calcium phosphate, BCP).
Close to the inorganic fraction of bone, they are particularly interesting for their biocompatibility, osteoconduction, and bioactivity.
They also have the advantage of good mechanical resistance. HA has a long bioresorption time but provides mechanical resistance to the scaffold. βTCP degrades more rapidly and improves Finally, use of CaP bioceramic seems to be the best compromise and the current trend for the segmental mandibular reconstruction in preclinical studies or in some experimental cases in human. 58, 59 From a surgical point of view, the scaffold should be able to adapt perfectly to the mandibular defect. Construction of a scaffold that is anatomically close to the mandible seems possible using CAD/CAM processes and additive methods (eg, 3D printing). Nevertheless, in practice, scaffold construction remains a technical challenge, notably in terms of controlling the macroarchitecture and microarchitecture, making colonization by osteogenic and endothelial cells unreliable. 60 In addition, adding osteogenic cell elements, growth factors (GFs), vascular supply, and the control of materials degradation are indispensable for bone regeneration in a bone construct. 52 
| Cell modulator and vascularization of mandibular scaffolds
GFs play a key role in osteoinduction, proliferation, differentiation of osteoprogenitor cells as well as in angiogenesis. Bone morphogenetic [64] [65] [66] In addition, BMPs can also be responsible for ectopic bone formation in the surrounding soft tissues as described in numerous preclinical studies 55, 61, 67, 68 
| Perspectives in tissue engineering
Even though the segmental mandibular defect reconstructions described using BTE in humans are a technical feat, this type of reconstruction does not respond to the depleted-vessel neck problem and the procedure remains complex: it requires cell and molecular impregnation of the scaffold followed by a long prevascularization and maturation period followed 
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